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Abstract 
 
We have grown single crystals of FeTe0.6Se0.4 and Fe0.95Te0.6Se0.4 by a conventional self-flux method. The superconducting 
properties were investigated by magnetization measurements. We found that the anisotropy of the superconducting state for 
FeTe0.6Se0.4 was clearly higher than that for Fe0.95Te0.6Se0.4. This indicates that the excess Fe concentration can tune the anisotropy 
of FeyTe0.6Se0.4. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
  
Since the discovery of superconductivity in LaFeAsO1-xFx, Fe-based superconductors have attracted extensive 
attention because they have high transition temperature (Tc) and extremely high upper critical field (Hc2), which are 
essential for practical applications [1-3]. In particular, the Fe-chalcogenide family has some advantages for application 
owing to the simple crystal structure, quasi-binary composition and low anisotropy [3-5]. The parent phase of the Fe-
chalcogenide family is Fe1+dTe, which is an antiferromagnetic metal with the Neel temperature of ~70 K [5-9]. The 
antiferromagnetic ordering is suppressed by the partial substitution for Te by Se or S, and superconductivity emerges 
in the optimally substituted FeyTe1-xSex and FeyTe1-xSx [5,6,7,10]. The FeTe-based superconductors possess excess Fe 
at the interlayer site between Fe2Te2 layers. Furthermore, it has been reported that the excess Fe concentration affect 
both the magnetic properties of Fe1+dTe and superconducting properties of FeyTe1-xSex and FeyTe1-xSx [11-15]. In 
general, a large amount of excess Fe is unfavorable for the appearance of bulk superconductivity. However, there is no 
report on how the excess Fe affects the anisotropy of superconductivity in FeTe-based superconductors. If we can tune 
the anisotropy of superconducting state by controlling the excess Fe concentration, we can use it to fabricate the 
intrinsic Josephson junctions or the other kinds of Josephson junctions. Here we report the systematic studies on 
excess Fe concentration dependence of the anisotropy of the superconducting state in FeyTe0.6Se0.4. 
 
2. Experimental details 
 
Single crystals of FeyTe0.6Se0.4 were prepared by a conventional self-flux method. Fe powders (99.9 %), Te grains 
(99.999 %) and Se grains (99.999 %) with nominal compositions of y = 0.95 and 1.00 were sealed into an evacuated 
quartz tube. The tube was sealed into an evacuated larger (outer) quartz tube. The double-sealed sample was heated at 
1050 ºC for 10 hours and cooled down to 650 ºC with a cooling rate of -4 ºC/hour. Then it was annealed at 400 °C for 
100 hours to enhance superconducting properties and furnace-cooled down to room temperature. 
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The crystal structure was characterized by x-ray diffraction (XRD) with a Cu-K  radiation using a standard -2  
method. Temperature dependence of magnetization was measured using a superconducting quantum interference 
device (SQUID) magnetometer with applied field up to 7 T after both zero-field cooling (ZFC) and field cooling (FC). 
To investigate the anisotropy, the magnetic field was applied perpendicularly or parallel to the c axis of the crystals. 
 
3. Results and discussion 
 
Figure 1(a) and 1(b) show the XRD patterns for the powdered crystals of FeTe0.6Se0.4 and Fe0.95Te0.6Se0.4, 
respectively. All the peaks are explained using the P4/nmm space group. Lattice constants of these crystals are 
calculated using the peak positions. The lattice constant a and c of FeTe0.6Se0.4 crystals are 0.381 nm and 0.609 nm. 
The lattice constant a and c of Fe0.95Te0.6Se0.4 crystal are 0.381 nm and 0.611 nm. The c axis of FeTe0.6Se0.4 is smaller 
than that of Fe0.95Te0.6Se0.4. On the basis of previous reports, the shrinkage of the c axis corresponds to the increase of 
the excess Fe concentration in this system [11]. 
 
 
Fig. 1. (a) XRD pattern for FeTe0.6Se0.4; (b) XRD pattern for Fe0.95Te0.6Se0.4. 
 
Figure 2(a) and 2(b) shows the temperature dependence of magnetization for FeTe0.6Se0.4 crystal with an applied 
field parallel and perpendicular to the c axis, respectively. With increasing applied field, the Tc decreases and values of 
magnetization in the normal state increases. The increase of magnetization would originate from the magnetic moment 
of excess Fe. The suppression of Tc for H//ab is smaller than the case of H//c. Figure 3(a) and 3(b) shows the 
temperature dependence of magnetization for Fe0.95Te0.6Se0.4 crystal with an applied field parallel and perpendicular 
to the c axis, respectively. As in the case of FeTe0.6Se0.4, with increasing applied field, the Tc decreases and values of 
magnetization in the normal state increases. 
 
 
Fig. 2. Temperature dependence of magnetization for FeTe0.6Se0.4 measured under the magnetic fields of (a)H//c and 
(b)H//ab. 
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Fig. 3. Temperature dependence of magnetization for Fe0.95Te0.6Se0.4 measured under the magnetic fields of (a)H//c 
and (b)H//ab. 
 
To discuss the change in anisotropy, we estimated the irreversibly field (Hirr) using the irreversible temperature 
(Tirr) at which the starting temperature of the bifurcation between the ZFC and FC curve due to superconducting 
transition. Figure 4(a) and 4(b) show the magnetic field-temperature phase diagram (temperature dependence of Hirr) 
for FeTe0.6Se0.4 and Fe0.95Te0.6Se0.4, respectively. For FeTe0.6Se0.4, we find obvious differences between H//c and H//ab 
data. In contrast, those for Fe0.95Te0.6Se0.4 do not show such differences. Those results indicate that the increase of 
excess Fe concentration enhances the anisotropy of FeyTe0.6Se0.4. Figure 5(a) and 5(b) show the temperature 
dependence of coherence length a and c.  The a was calculated using the equation (1). 
Hc2(H//c) = a2                                                                                                (1) 
The c was calculated using the equation (2). 
Hc2(H//ab) = a c                                                                                             (2) 
Here we assume that Hc2 is almost corresponds to Hirr estimated in Figs. 2 and 3. Figure5(c) shows the temperature 
dependence of anisotropy parameter of Fe0.95Te0.6Se0.4 and FeTe0.6Se0.4 crystals calculated the equation given by 
= a/ c. The of FeTe0.6Se0.4 is larger than that of Fe0.95Te0.6Se0.4. These results indicate that anisotropy becomes 
larger when excess Fe concentration is high. 
 
 
Fig. 4 (a) Magnetic field-temperature diagram for FeTe0.6Se0.4; (b) Magnetic field-temperature diagram for 
Fe0.95Te0.6Se0.4. 
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Fig. 5 (a) Temperature dependence of coherence length for FeTe0.6Se0.4; (b) Temperature dependence of coherence 
length for Fe0.95Te0.6Se0.4; (c) Temperature dependence of anisotropy for FeTe0.6Se0.4 and Fe0.95Te0.6Se0.4. 
 
4. Conclusion 
 
We have grown single crystals of FeTe0.6Se0.4 and Fe0.95Te0.6Se0.4 by a conventional self-flux method. The crystal 
structure was characterized by XRD. The c lattice constant of FeTe0.6Se0.4 was smaller than that of Fe0.95Te0.6Se0.4, 
indicating that those two samples possessed different excess Fe concentration. We estimated the irreversibly field 
(Hirr) using the irreversible temperature (Tirr) at which the starting temperature of the bifurcation between the ZFC and 
FC curve due to superconducting transition. For FeTe0.6Se0.4, we found obvious differences between H//c and H//ab 
data. In contrast, those for Fe0.95Te0.6Se0.4 did not show such differences. We calculated the coherence length a, c and 
anisotropy The of FeTe0.6Se0.4 is larger than that of Fe0.95Te0.6Se0.4. In fact, the anisotropy of superconductivity in 
FeyTe0.6Se0.4 can be tuned by controlling the excess Fe concentration. 
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